We report on domain pattern transfer from a ferroelectric BaTiO3 substrate to a CoFeB wedge film with a thickness of up to 150 nm. Strain coupling to domains in BaTiO3 induces a regular modulation of uniaxial magnetic anisotropy in CoFeB via an inverse magnetostriction effect. As a result, the domain structures of the CoFeB wedge film and BaTiO3 substrate correlate fully and straight ferroelectric domain boundaries in BaTiO3 pin magnetic domain walls in CoFeB. We use x-ray photoemission electron microscopy and magneto-optical Kerr effect microscopy to characterize the spin structure of the pinned domain walls. In a rotating magnetic field, abrupt and reversible transitions between two domain wall types occur, namely, narrow walls where the magnetization vectors align head-to-tail and much broader walls with alternating head-to-head and tail-to-tail magnetization configurations. We characterize variations of the domain wall spin structure as a function of magnetic field strength and CoFeB film thickness and compare the experimental results with micromagnetic simulations.
I. INTRODUCTION
Magnetic patterning refers to any method that induces controlled variations of magnetic properties in a continuous ferromagnetic film without topographic structuring. It allows for the creation of regular patterns of magnetic domains and domain walls, defining magnetic responses that would not occur in magnetically uniform films. Several techniques are available for magnetic patterning. These include focused ion beam irradiation [1] [2] [3] [4] , low-energy proton irradiation [5] , oxygen ion migration from an adjacent metal-oxide layer [6, 7] , and thermally-assisted scanning probe lithography [8] . Interface coupling in multiferroic heterostructures can also be used to tailor the properties of ferromagnetic films. Exchange coupling to domains in a multiferroic BiFeO 3 layer [9] [10] [11] [12] [13] or strain coupling to ferroelastic domains in a BaTiO 3 crystal [14] [15] [16] [17] [18] [19] [20] [21] , for instance, induce lateral modulations of magnetic anisotropy in the adjacent ferromagnetic film. If the modulations of magnetic anisotropy are strong enough, one-to-one correlations between domain patterns in the ferroelectric and ferromagnetic layers are attained. Full domain pattern transfer in multiferroic heterostructures enables electric-field induced magnetic switching [9-11, 13-15, 19, 21] and reversible magnetic domain wall motion [15, 20] , offering promising prospects for low-power spintronic devices.
Here, we investigate how domain pattern transfer from a ferroelectric BaTiO 3 substrate to a CoFeB wedge film varies with ferromagnetic film thickness and applied magnetic field. In our experiments, the BaTiO 3 substrate consists of stripe domains with in-plane ferroelectric polarization. At the domain boundaries, the polarization * sebastiaan.van.dijken@aalto.fi rotates abruptly by 90
• . Since the BaTiO 3 crystal is tetragonal at room temperature, rotation of the ferroelectric polarization also reorients the axis of lattice tetragonality. Via inverse magnetostriction, this induces regular modulations of uniaxial magnetic anisotropy in the CoFeB wedge film, as illustrated in Fig. 1(a) . Consequently, the ferroelectric stripe domain pattern in the BaTiO 3 substrate is fully transferred to the CoFeB wedge film and the strain-induced rotations of uniaxial magnetic anisotropy at the ferroelectric domain boundaries firmly pin the magnetic domain walls. Magnetic domain walls are therefore as straight as their ferroelectric counterpart and do not move in a magnetic field. The latter effect enables active switching between two types of magnetic domain walls [22] . Domain walls with a head-to-tail alignment of magnetization form when an in-plane magnetic field is applied perpendicular to the stripe domains ( Fig. 1(b) ). The energy and width of these walls are determined mostly by the strength of exchange interactions and magnetic anisotropy. An in-plane magnetic field parallel to the stripe domains, on the other hand, initializes domain walls with alternating head-to-head and tail-totail magnetization configurations ( Fig. 1(c) ). Being defined by magnetic anisotropy and long-range magnetostatic interactions (i.e. magnetic charges), these magnetic domain walls are much wider and higher in energy than the head-to-tail walls. Hereafter, we will refer to the two domain-wall types as magnetically charged (head-tohead and tail-to-tail) and uncharged (head-to-tail).
The width and energy of pinned magnetic domain walls affects domain pattern transfer and magnetic switching in multiferroic heterostructures [23, 24] . Breakdown of pattern transfer occurs when the width of magnetic domain walls and ferroelectric stripe domains become comparable. More specifically, in the strain-coupled CoFeB/BaTiO 3 system we consider here, the rotation of magnetization between neighboring domains in zero magnetic field decreases from 90
• for wide ferroelectric stripe domains to nearly 0
• for very narrow domains. As the widths of charged and uncharged magnetic domain walls differ significantly (up to about two orders of magnitude in thick ferromagnetic films), magnetic switching from one domain wall type to the other changes the amount of magnetization rotation between domains and, thereby, the magnetic contrast. An example is shown in Figs. 1(b) and (c). The magneto-optical Kerr effect (MOKE) microscopy images in these figures are recorded on a sample area where the CoFeB wedge film is 150 nm thick. In (b), a 40 mT in-plane magnetic field is oriented perpendicular to the stripe domains. The uncharged magnetic domain walls that form are much narrower than the stripe domains and, consequently, a sizeable rotation of magnetization between domains and clear magnetic contrast are obtained. In (c), the in-plane magnetic field is rotated by 90
• . Now, much wider charged domain walls separate the stripe domains and the magnetization in the CoFeB film is more uniform, particularly for the narrow stripe domains on the right. Rotation of an external magnetic field thus causes the consecutive writing and erasure of magnetic stripe patterns, as previously discussed in Ref. 23 . In this paper, we report on the variation of domain pattern transfer with ferromagnetic film thickness and the strength and orientation of applied magnetic field. Experimentally, we measure the evolution of magnetic domain patterns in a rotating magnetic field. From these measurements we derive |φ 1 − φ 2 |, where φ 1 and φ 2 indicate the angles of magnetization in two neighboring stripe domains. Large values of |φ 1 − φ 2 | thus represent robust domain pattern transfer. We use micromagnetic simulations to interpret our experimental data.
II. METHODS
For the experiments we grew a Co 40 Fe 40 B 20 wedge film, with thickness t up to 150 nm, onto a BaTiO 3 substrate. The film was sputtered at 300
• C and capped with 3 nm Au to prevent oxidation. At this deposition temperature the BaTiO 3 substrate is paraelectric and its crystal structure is cubic. The ferroelectric and ferromagnetic stripe domains are formed during post-deposition cooling through the BaTiO 3 paraelectric-to-ferroelectric phase transition at T C ≈ 120
• C. This procedure resulted in one-to-one domain correlations across the entire CoFeB wedge film. We used MOKE microscopy to image the magnetic stripe domains in a slowly rotating in-plane magnetic field. High-resolution images of the magnetic domains were obtained by x-ray photoemission electron microscopy (PEEM) on beamline UE49-PGM1 at the BESSY II synchrotron facility. Illumination at oblique incidence and x-ray magnetic circular dichroism (XMCD) at the Fe L 3 edge were used to visualize the direction of in-plane magnetization with a spatial resolution of about 30 nm. Micromagnetic simulations were performed in MuMax3 [25] . In the simulations, the width of the stripe domains was set to 3 µm and the simulation area was discretized into 3 × 3 × t nm 3 cells. As input parameters we used a uniaxial magnetic anisotropy
6 A/m, and an exchange constant A = 2.1 × 10 −11 J/m. Figure 2 shows PEEM images of the CoFeB film (a) at remanence and (b) under an in-plane magnetic field of 20 mT. In these experiments, charged domain walls separate the magnetic stripe domains and the CoFeB film is 150 nm thick. From line profiles on wide domains (Fig. 2(c) ), we extract a domain wall width of 2.0 µm for µ 0 H = 0 mT and 2.1 µm for µ 0 H = 20 mT. Because of the large width of charged domain walls, the magnetic contrast reduces considerably in the narrow stripe domains on the right side of the PEEM images. This finite-size scaling effect is slightly more pronounced for µ 0 H = 20 mT, which confirms the notion that wider domain walls cause a stronger reduction of magnetization rotation in narrow domains.
III. RESULTS AND DISCUSSION
Next, we investigate the effect of a rotating in-plane magnetic field on domain pattern transfer. In the experiments, MOKE microscopy images are recorded as a function of magnetic field angle θ. From the series of images we extract the orientation of magnetization (φ 1 and φ 2 ) in two neighboring stripe domains. The stripe domains are 3 -4 µm wide. Figures 3(a) and (b) show results for a rotating magnetic field of 30 mT and 40 mT and a CoFeB film thickness of 50 nm and 150 nm. In all cases, transitions between small and larger values of |φ 1 −φ 2 | are measured. These switching events, which signify a change in magnetic contrast (see Fig. 1 ), are caused by abrupt domain wall transformations. Starting from θ = 0
• , the stripe domains are initially separated by broad charged domain walls. The rotation of magnetization between neighboring domains is thus small. Clockwise rotation of a constant magnetic field switches the magnetization of every second stripe domain at θ ≈ 45 − 55
• . As a result, the broad charged domain walls transform into narrow uncharged domain walls. This increases |φ 1 − φ 2 | and, consequently, the magnetic contrast of MOKE microscopy images. At θ ≈ 135 − 145
• , a second switching event restores the charged domain walls, causing a reduction of |φ 1 − φ 2 |. Back and forth switching between the two types of domain walls continues upon further rotation of the magnetic field. For narrow uncharged domain walls, the ferroelectric stripe domain pattern in the BaTiO 3 substrate is clearly transferred to the CoFeB wedge. Broad charged domain walls, on the other hand, lead to nearly uniform magnetization in the CoFeB film. Results from micromagnetic simulations, shown in Figs. 3(c) and (d), qualitatively confirm the measurements. While the shape of the switching curves is nearly identical, the magnitude of |φ 1 −φ 2 | is larger in the simulations. The main reason for this is a difference in data acquisition. In order to increase the signal to noise ratio in the experimental data, we extract the average direction of magnetization in two neighboring stripe domains, while simulated data is collected at the two domain centers. Figure 4 summarizes the dependence of |φ 1 − φ 2 | on applied magnetic field and CoFeB film thickness. With increasing field, the magnetization rotates towards the field axis. The resulting reduction in the rotation of magnetization between neighboring stripe domains is more pronounced for uncharged domain walls. The effect of CoFeB film thickness is opposite for the two types of magnetic domain walls. The width of charged domain walls increases with ferromagnetic film thickness due to stronger magnetostatic interactions. For 180
• charged walls, the width is given by δ c = 2πµ 0 M 2 s t/8K u [26] . Although the exact profile of charged domain walls changes upon a reduction of magnetization rotation, the width of smaller-angle walls does also increase with ferromagnetic film thickness. Wider charged domain walls on the thick side of the CoFeB wedge film significantly reduce |φ 1 − φ 2 | and, thus, the degree of domain pattern transfer. We measure and simulate a much smaller and op- posite effect for uncharged domain walls. While the spin structure of these narrow walls is mostly determined by the strength of exchange interactions and uniaxial magnetic anisotropy, magnetostatic interactions slightly reduce their width in thick films [23] . This effect enhances the rotation of magnetization between neighboring domains, in agreement with the data of Figs. 4(b) and (d).
Finally, we use micromagnetic simulations to estimate how the width of pinned magnetic domain walls in our CoFeB/BaTiO 3 multiferroic heterostructure varies as a function of magnetic field angle. We define the domain wall width as [23] 
where φ is the reduced magnetization angle
and φ 1 and φ 2 are the angles of magnetization in the centers of two neighboring stripe domains. For zero magnetic field and a CoFeB film thickness of 150 nm, we simulate a width of 25 nm and 1.9 µm for uncharged and charged domain walls, respectively, a difference of nearly two orders of magnitude. The width of charged magnetic domain walls agrees well with the PEEM measurements of Fig. 2 . Figure 5 shows the variation of domain wall width in a rotating in-plane magnetic field. The widest domain walls are obtained if the magnetic field is aligned parallel to the stripe domains. Rotation of the magnetic field away from this position reduces the width of these charged domain walls. At θ = 45
• , a transformation to much narrower uncharged domain walls occurs. Back and forth switching between the two types of domain walls in a rotating magnetic field changes the wall width by about two orders of magnitude for t = 150 nm. Thus, while the walls remain firmly pinned onto the ferroelectric boundaries in the BaTiO 3 substrate, the magnetic field tunes their spin structure and width. As a result, clear imprinting of narrow BaTiO 3 stripe domains into the CoFeB film occurs only if the magnetic domain walls are uncharged.
In conclusions, we have studied domain pattern transfer from a ferroelectric BaTiO 3 substrate to a ferromagnetic CoFeB wedge film using MOKE microscopy, x-ray PEEM, and micromagnetic simulations. This strain-coupled multiferroic system is characterized by strong pinning of magnetic domain walls onto ferroelectric boundaries. Using a rotating magnetic field, we have demonstrated that the width of pinned magnetic domain walls can be tuned by two orders of magnitude. Switching from narrow uncharged domain walls to broad charged domain walls deteriorates the transfer of domain patterns, which is reflected by a decrease of magnetic contrast in MOKE microscopy images. The weakest magnetic contrast is obtained when the stripe domains are narrow and the CoFeB film is thick.
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